INTRODUCTION {#sec1}
============

The commonest clinical manifestation of Staphylococcus aureus disease is skin and soft-tissue infection (SSTI). In most cases, S. aureus SSTI is diagnosed and managed in the primary care setting, and depending on the clinical manifestation, treatment may involve the administration of a topical antimicrobial agent, such as fusidic acid (FA) ([@B1]). FA is a topical and systemic antimicrobial and is active against several Gram-positive organisms. Recently licensed in the United States, FA has been used extensively in several settings for the topical treatment of superficial S. aureus SSTI ([@B2]). We have recently described a significant increase in topical FA use in New Zealand (NZ), concurrent with an increase in FA resistance rates in S. aureus, from 17% in 1999 to 28% in 2013 ([@B2]). This increase in resistance was associated with the emergence of three specific S. aureus clones: multilocus sequence type 5 (ST5) methicillin-resistant S. aureus (MRSA), ST1 methicillin-susceptible S. aureus (MSSA), and ST1 MRSA. In particular, an ST5 MRSA clone (colloquially known as AK3 ST5 MRSA) has emerged over the past decade to become the dominant community- and hospital-associated MRSA clone in NZ ([@B3]). First reported in 2005, AK3 ST5 MRSA strains harbor a type IV staphylococcal cassette chromosome (SCC) *mec* and, in addition to being resistant to penicillin and oxacillin, generally are resistant to FA, with one recent study describing an FA resistance rate of 89% in this clone ([@B2]). To date, however, the origin and evolutionary history of AK3 ST5 MRSA has not been determined, and it is unknown whether this clone has emerged from locally circulating ST5 MSSA or, alternatively, has been imported into NZ with subsequent regional transmission.

In all three clones (AK3 ST5 MRSA, ST1 MSSA, and ST1 MRSA), FA resistance is associated with the presence of the *fusC* gene ([@B2]). However, the origin and genetic context of the *fusC* resistance locus has not been investigated previously in S. aureus from NZ. To date, only a few studies have previously described the genetic context of *fusC* among small numbers of S. aureus lineages ([@B4][@B5][@B7]). Furthermore, the extent to which common mobile genetic elements are shared among *fusC*-harboring S. aureus clones globally has not been investigated previously but could provide important insights into the mechanisms of emerging resistance to topical antimicrobials across different S. aureus lineages.

Accordingly, the objectives of this study were to (i) investigate the evolution of the AK3 ST5 MRSA clone in NZ, (ii) characterize the genetic context of the *fusC* gene in dominant FA-resistant clones in NZ, namely, AK3 ST5 MRSA, ST1 MSSA, and ST1 MRSA, and (iii) compare these to international *fusC*-harboring isolates of S. aureus to better understand the rapid emergence of FA-resistant S. aureus.

MATERIALS AND METHODS {#sec2}
=====================

Bacterial isolates. {#sec2-1}
-------------------

A total of 46 isolates of S. aureus recovered in NZ were used in this study. These isolates were sourced from (i) national surveys of MRSA carried out between 2005 and 2013 (*n* = 34) (<https://surv.esr.cri.nz/antimicrobial/mrsa_annual.php>) and (ii) a contemporary molecular epidemiological survey of S. aureus carried out in Auckland, NZ, in 2013 (*n* = 12) ([@B2]). Between two and six representatives of clonal complex 5 (CC5) were selected from each survey year, and six representatives of both ST5 and ST1 were selected from the contemporary molecular epidemiological survey. This collection additionally was supplemented with the fully assembled genomes of 11 S. aureus strains belonging to CC5 ([@B8][@B9][@B16]), the CC1 strain MSSA476 ([@B4]), and the genome sequence reads of 12 FA-resistant S. aureus strains from a recent study in the United Kingdom (UK) ([@B6]). All CC5 S. aureus strains from this study were included, as well as a single representative for each SCC element described for other S. aureus lineages. Further information for each isolate is available in Table S1 in the supplemental material.

Genome sequencing. {#sec2-2}
------------------

Genomic DNA was extracted using the DNeasy blood and tissue extraction kit (Qiagen), and DNA libraries were created using the Nextera XT DNA preparation kit (Illumina). Sequencing was performed on either the HiSeq platform (Illumina) with 2- by 100-bp paired-end chemistry or the MiSeq platform (Illumina) with 2- by 250-bp paired-end chemistry. S. aureus isolate NZAK3 was sequenced on the Pacific Biosciences RS-II platform.

Genome assembly of NZAK3. {#sec2-3}
-------------------------

The complete genome assembly of S. aureus reference strain NZAK3 was performed using the SMRT analysis system v2.3.0.140936 (Pacific Biosciences). Raw sequence data were *de novo* assembled using the HGAP3 protocol, with a minimum seed read length of 5,000, genome size of 3 Mb, target coverage of 10, and overlapper error rate of 0.04. Polished contigs were further error corrected using Quiver v1. The read alignments were visually assessed, and one rRNA region was found to have poor support; subsequently, the contig was cut at this region. The resulting contigs then were ordered against S. aureus N315 ([@B8]) using Mauve ([@B17]) and joined in Geneious v8.1.5 (Biomatters); the altered assembly around the rRNA locus was confirmed with long-range PCR. The final assembly was checked using BridgeMapper v1 in the SMRT analysis system, and the consensus sequence was corrected with short-read Illumina data using Snippy v2.5 (<https://github.com/tseemann/snippy>). The final sequences were annotated using Prokka v1.11 ([@B18]), and *in silico* multilocus sequence typing (MLST) was performed using MLST v1.2 (<https://github.com/tseemann/mlst>). Sequence data for NZAK3 have been deposited in the European Nucleotide Archive (ENA) under primary accession [PRJEB12333](http://www.ebi.ac.uk/ena/data/search?query=PRJEB12333).

Phylogenetic analysis. {#sec2-4}
----------------------

The genomes of the 11 assembled CC5 S. aureus strains first were shredded into 100-bp pseudoreads with 50× coverage using Nesoni v0.130 (<https://github.com/Victorian-Bioinformatics-Consortium/nesoni>). The sequence reads of all CC5 S. aureus strains then were mapped to reference strain NZAK3, and single-nucleotide polymorphisms (SNPs) were detected using Snippy v2.5 with a minimum coverage depth of 10 and base call stringency of 90%. A maximum likelihood (ML) phylogenetic tree was constructed from core genome SNPs using PhyML v3.0 ([@B19]) run under a general time-reversible model with 1,000 bootstrap replicates.

Analysis of the genetic context of *fusC* and alignment of *fusC*-containing SCC elements. {#sec2-5}
------------------------------------------------------------------------------------------

The genome sequence reads of all unassembled isolates were *de novo* assembled using SPAdes v3.6.1 ([@B20]). The program contig-puller (<https://github.com/kwongj/contig-puller>) then was used to identify, extract, and annotate contigs that contained a *fusC* gene with 99% sequence identity to that present in S. aureus MSSA476 (GenBank accession number [BX571857](http://www.ncbi.nlm.nih.gov/nuccore/BX571857), locus tag SAS0043). These contigs were manually examined in Geneious v8.1.5 (Biomatters). Sequence alignments were performed using ClustalW v2.1 ([@B21]) and the Artemis comparison tool v16.0.11 ([@B22]).

BioProject sequence accession number. {#sec2-6}
-------------------------------------

All sequence data are available at the ENA under primary accession no. [PRJEB12333](http://www.ncbi.nlm.nih.gov/bioproject/PRJEB12333).

RESULTS AND DISCUSSION {#sec3}
======================

Complete genome sequence of S. aureus NZAK3. {#sec3-1}
--------------------------------------------

To characterize AK3 ST5 MRSA and provide a closely related reference genome for subsequent phylogenetic analysis, the first reported strain of AK3 ST5 MRSA was sequenced and completely assembled using PacBio sequencing. This strain, subsequently referred to as NZAK3, was isolated in Auckland, NZ, in 2005 from a patient with SSTI. To our knowledge, this is the earliest isolation of this FA-resistant AK3 ST5 MRSA clone globally.

The genome of NZAK3 comprises a circular chromosome spanning 2,831,681 bp (GC content of 32.8%) and a single circular plasmid (pNZAK3) spanning 25,689 bp (GC content of 29.5%). A total of 2,607 protein-coding regions (CDS) were identified in the chromosome, and 30 CDS were identified in pNZAK3. The chromosome contained five rRNA operons and 62 tRNA genes. *In silico* MLST confirmed that this isolate belonged to ST5.

Comparison of the chromosome of NZAK3 to all other completely assembled S. aureus genomes belonging to CC5 (*n* = 11) illustrated a high level of sequence conservation among members of this lineage ([Fig. 1](#F1){ref-type="fig"}). The accessory CC5 genome consisted primarily of mobile elements, specifically the SCC*mec* locus, a chromosomal copy of *blaZ*, and two complete prophages. These prophages were presumptively identified as phiETA2 (GenBank accession no. [NC_008798](NC_008798)) and phiN315 (GenBank accession no. [NC_004740](NC_004740)) based on a predominance of high-identity BLAST matches to each of these elements. The plasmid pNZAK3 was mostly unique, with only 45% (11,588/25,689 bp) of the sequence matching a previously published plasmid sequence with 99% DNA identity (plasmid SAP059A; GenBank accession no. [GQ900480.1](GQ900480.1)). The remaining region in pNZAK3 contained a cadmium resistance locus but no other known resistance or virulence determinants.

![Sequence comparison of all complete genomes of clonal complex 5 (CC5) S. aureus strains. A BLAST-based comparison of all complete CC5 S. aureus genomes against representative FA-resistant strain NZAK3, visualized with BRIG, illustrates a high level of sequence conservation among members of the CC5 lineage. Genomic regions in NZAK3 that were variably present in other CC5 S. aureus strains include the SCC*mec-fus* II mobile element, a chromosomal copy of the *blaRZ* locus, and two complete phage regions, which were identified using PHAST as a presumptive phiETA2 ([NC_008798](NC_008798)) and phiN315 ([NC_004740](NC_004740)).](zac0041650610001){#F1}

Population structure and evolution of AK3 ST5 MRSA. {#sec3-2}
---------------------------------------------------

To characterize the population structure of the AK3 clone and investigate its evolutionary origins, 39 isolates of S. aureus recovered in NZ and belonging to CC5 underwent whole-genome sequencing. To maximize temporal and geographic diversity within the collection, between two and six isolates were selected from each year between 2006 and 2013 and from different regions in NZ (detailed in Materials and Methods). This collection also was supplemented with the 11 fully assembled CC5 genome sequences described above and the genome sequence reads of eight CC5 MRSA isolates from a recent study of FA-resistant S. aureus in the United Kingdom ([@B6]). Details of these isolates are available in Table S1 in the supplemental material.

Mapping of the genome sequence data of these 58 CC5 S. aureus strains to reference strain NZAK3 identified a total of 14,584 SNPs, of which 4,233 were present within the core genome (87.3% of reference strain NZAK3). The 4,233 core genome SNPs were used to construct an ML phylogenetic tree ([Fig. 2](#F2){ref-type="fig"}).

![Population structure of fusidic acid-resistant CC5 S. aureus. (A) The maximum likelihood tree, constructed from core genome SNPs, illustrates the population structure of a representative global population of CC5 S. aureus strains. Terminal branch symbols indicate the location from which isolates were recovered and both methicillin and fusidic acid resistance phenotypes. Symbol shape: circle, MRSA; square, MSSA. Inner symbol color: black, recovered in New Zealand; white, recovered outside New Zealand. Outer symbol color: red, fusidic acid resistant; black, fusidic acid susceptible. (B) Enlarged view of the population structure for the AK3 ST5 MRSA clade and a locally circulating ST5 MSSA clade. The core genome pairwise SNP distances, calculated from the SNP matrix used to construct this tree, indicates the median and range of SNPs that separate any two isolates within the AK3 ST5 MRSA clade, the ST5 MSSA clade, and between the two clades. In both panels A and B, branches with less than 70% bootstrap support are colored red, and the exact support percentage is provided.](zac0041650610002){#F2}

This collection of CC5 S. aureus isolates represented five sequence types: ST5, ST73, ST105, ST149, and ST835 ([Fig. 2](#F2){ref-type="fig"}). Isolates of the same ST typically grouped together in ST-specific clades, the only exception being ST5, which represented multiple distinct clades and singletons. In general, isolates from NZ clustered together, and only one isolate, recovered outside NZ, was found to cluster with an NZ-specific clade ([Fig. 2](#F2){ref-type="fig"}). This NZ clade represented the AK3 ST5 MRSA clone, and all FA-resistant CC5 isolates recovered from NZ resided within this clade. The median core genome pairwise SNP distance between two isolates in this clade was only 49 SNPs, with a minimum distance of five SNPs and a maximum distance of 96 SNPs, highlighting the extremely restricted genetic diversity of FA-resistant ST5 MRSA in NZ. The single international isolate to cluster with the AK3 ST5 MRSA clade was an FA-resistant MRSA isolate (MRSA10) recovered in the UK during 2011 to 2012 ([@B6]). MRSA10 had a median core genome pairwise SNP distance of only 59 SNPs to other AK3 isolates. Interestingly, the other CC5 FA-resistant isolates from the United Kingdom formed a single ST149 clade (*n* = 6) and one ST5 singleton. Taken together, these findings suggest that AK3 ST5 MRSA forms a genetically distinct clone within ST5, as indicated by the genetic distance between the AK3 clade and representative international ST5 isolates. Furthermore, the location of UK isolate MRSA10 in the AK3 clade suggests potential recent intercontinental transmission between these two countries.

The inclusion of FA-susceptible isolates in this population model also enabled an investigation into the origin of the AK3 ST5 MRSA clone. The phylogenetic proximity of the AK3 ST5 MRSA clade to four ST5 MSSA isolates recovered from NZ suggests that this clone emerged from locally circulating MSSA rather than being imported from overseas ([Fig. 2](#F2){ref-type="fig"}), as has been described for ST5 MRSA in other settings ([@B23]). Furthermore, locally circulating ST149 S. aureus strains (belonging to CC5) also were found to be more similar at a core genome level to AK3 ST5 MRSA than to representative international lineages of ST5. The hypothesis that AK3 ST5 MRSA emerged from local ST5 MSSA also was supported by the absence of any remnants of an SCC*mec* element in the four NZ ST5 MSSA strains. As described below, the *fusC* gene was present in all FA-resistant AK3 ST5 MRSA isolates as part of a chimeric SCC*mec*-SCC mobile element integrated into the chromosome at *orfX*. The inspection of the region surrounding *orfX* found it to be intact in all four ST5 MSSA isolates (see Fig. S1 in the supplemental material), suggesting that these isolates had not previously carried an SCC element in their ancestral genome. Therefore, it is possible that the acquisition of *fusC* in the AK3 ST5 MRSA clone occurred more recently, following its divergence from locally circulating ST5 MSSA, although this hypothesis should be explored further in the framework of a larger sample of international ST5 MSSA.

Genetic context of *fusC* in ST1 and ST5 S. aureus isolates. {#sec3-3}
------------------------------------------------------------

In order to elucidate the genetic context of the *fusC* gene among NZ lineages of S. aureus and to compare it to other described CC5 and ST1 *fusC*-containing SCC elements, the genomes of *fusC*-harboring isolates were *de novo* assembled. These included 23 isolates belonging to the AK3 ST5 MRSA clade and six *fusC*-harboring ST1 S. aureus isolates recovered in New Zealand. In addition, six representative CC5 and ST1 S. aureus isolates from published studies were included. These isolates contained previously described *fusC*-containing mobile elements, including SCC~476~ in MSSA476 (ST1) ([@B4]), and previously described elements from a recent study ([@B6]), namely, the composite elements SCC*mec*IVa-SCC~476~ in isolate MRSA2 (ST1 MRSA), SCC~149~-SCC*mec*IVa in isolate MRSA17 (ST149 MRSA), and the chimeric elements SCC*mec-fus*I in isolate MRSA3 (ST1 MRSA), SCC*mec-fus*II in isolate MRSA10 (ST5 MRSA), and SCC*mec-fus*III in isolate MRSA7 (ST1 MRSA) (see Table S1 in the supplemental material). In a previous study by Ellington et al. ([@B6]), the chimeric elements SCC*mec-fus*II (29.1 kb) and SCC*mec-fus*III (25.4 kb) were reported to have been identified in isolates MRSA7 (ENA accession number [ERR108061](ERR108061)) and MRSA10 (ENA accession number [ERR108040](ERR108040)), respectively. However, we found this to be the reverse, with the sequence reads available for isolate MRSA7 containing the shorter SCC*mec-fus*III element and for MRSA10 containing the longer SCC*mec-fus*II element. Subsequently, we refer to these chimeric elements with the annotations previously reported ([@B6]) but with the isolate names reversed.

Among ST5 MRSA isolates, reference strain NZAK3 contained a chimeric SCC*mec*IV-SCC~476~ element spanning 29,120 bp that displayed 99.9% nucleotide sequence to the SCC*mec-fus*II element identified in isolate MRSA10 from the previous UK study ([@B6]) ([Fig. 3](#F3){ref-type="fig"}). This finding further supports the likely intercontinental spread of this clone, as suggested by the population model. The examination of the draft assemblies of the other 23 AK3 ST5 MRSA isolates found that they all carried *fusC* as part of a chimeric SCC*mec*-SCC~476~ element, although in 15 isolates this element was fragmented and located across two contigs. The longest fragment ranged in length from 78% to 87% of the full length of the *fusC*-containing chimeric SCC*mec*IV-SCC~476~ and displayed \>99.7% nucleotide sequence identity to the chimeric SCC*mec*IV-SCC~476~ element found in NZAK3. Of the eight isolates with a complete SCC*mec*-SCC~476~ element, seven displayed \>99.9% nucleotide sequence identity to the chimeric SCC*mec*IV-SCC~476~ element in NZAK3. The single AK3 ST5 MRSA isolate with a different chimeric SCC*mec*IV-SCC~476~ element was isolate NZ5029, which displayed only 89.9% nucleotide identity to the chimeric SCC*mec*IV-SCC~476~ element in NZAK3. A visual assessment of this alignment identified that the chimeric SCC*mec*IV-SCC~476~ element in NZ5029 contained a previously unreported transposon insertion within the SCC*mec*IV portion upstream of *mecA* ([Fig. 3](#F3){ref-type="fig"}). This transposon was flanked by two copies of IS*431*, and the intervening region encoded two genes annotated as a *repL* (firmicute plasmid replication protein) and *ksgA* (dimethyladenosine transferase). This insertion was exclusive to this strain, as a nucleotide BLAST search for the *ksgA* gene returned no hits among the other AK3 ST5 MRSA isolates.

![Comparison of *fusC*-containing staphylococcal cassette chromosome elements in ST1 and ST5 lineages of S. aureus. Schematic diagram illustrating the genetic organization of the SCC 476 (SCC~476~) element in ST1 MSSA (represented by strain NZ1003), the chimeric SCC*mec*IV-SCC~476~ element in ST5 MRSA (strain NZAK3), and the composite SCC*mec*-SCC~476~ element in ST1 MRSA (strain NZ1001). The transposon-containing region within the chimeric SCC*mec*IV-SCC~476~ element in strain NZ5029 also is illustrated. The SCC*mec* elements from MRSA2 and MRSA10 from a previous study ([@B6]) are included for comparison. Blue or purple arrows indicate sequences present within SCC*mec* regions. The direction of the arrows indicates the direction of transcription for open reading frames. Only coding sequences of \>200 bp are shown. Gray shaded areas represent regions that share \>99% nucleotide sequence identity.](zac0041650610003){#F3}

Importantly, the high level of nucleotide identity between *fusC*-containing SCC elements in AK3 ST5 MRSA isolates supports the hypothesis that the AK3 ST5 MRSA clone emerged following a single acquisition of the chimeric *fusC*-containing SCC*mec*IV-SCC~476~ element with subsequent clonal expansion. Furthermore, the colocation of *fusC* in the same mobile element as *mecA* is of particular concern in NZ, where the extensive use of topical FA in NZ appears not only to be selecting for FA-resistant S. aureus but also coselecting for MRSA. Therefore, the genotypic association of *fusC* with *mecA* has important implications for the emergence of MRSA clones in populations with high usage of fusidic acid.

In addition to ST5 MRSA, the two other dominant FA-resistant S. aureus lineages identified in NZ were ST1 MSSA and ST1 MRSA ([@B2]). To determine the genetic context of the *fusC* gene in these clones, six representative ST1 isolates were sequenced. Of these six isolates, five were MSSA and all carried *fusC* as part of an SCC element that displayed \>99.8% nucleotide sequence identity to the previously described 23.3-kb SCC~476~ element identified in strain MSSA476 ([@B4]). In a recent survey, FA-resistant ST1 MSSA was the dominant MSSA clone circulating in the NZ community, accounting for 15% of all MSSA strains ([@B2]). This further supports the notion that high population use of FA has selected for dominant FA-resistant clones, resulting in marked changes in the molecular epidemiology of S. aureus in NZ ([@B2], [@B3]). The single ST1 MRSA isolate contained a composite SCC*mec*-SCC~476~ element (42,116 bp) but had only 88.9% nucleotide sequence identity to the only previously described composite element in ST1 MRSA, the SCC*mec*IVa-SCC~476~ element previously identified in isolate MRSA2 ([@B6]) ([Fig. 3](#F3){ref-type="fig"}).

A comparison of the four different SCC elements identified in ST5 and ST1 S. aureus isolates in NZ and the two genetically similar SCC elements identified in isolates from the United Kingdom is presented in [Fig. 3](#F3){ref-type="fig"}. The *fusC* gene was located consistently within the joining (J1) region between the *ccrAB2* genes and the downstream direct-repeat (DR) region of an SCC~476~ type element. Of note, among these six SCC elements, there was an ∼5-kb region with \>99% nucleotide sequence identity upstream of *fusC*, suggesting a common ancestral origin for this specific sequence. Moreover, within this region was a *tirS* gene encoding a TlR domain named TirS. Recent work has suggested that TirS contributes to bacterial virulence by interfering with TLR2 signaling pathways and enhancing bacterial survival within the host ([@B24]). It is possible that, in addition to the presence of the *fusC* gene, the presence of TirS also confers a selective advantage for these dominant clones, although it is presently unknown whether clinical infections caused by TirS-producing S. aureus strains are more severe than those of TirS-deficient isolates. However, it is of concern that, in addition to the presence of genes encoding antimicrobial resistance, there is also evidence of horizontal transfer of a colocated putative virulence factor.

Association of *fusC* with SCC-type elements in diverse lineages of S. aureus. {#sec3-4}
------------------------------------------------------------------------------

In this study, we found that *fusC* was invariably present within an SCC element, with or without the *mecA* gene. This also was found to be the case for other published *fusC*-harboring sequences deposited in the GenBank database, including SCC elements from Ireland ([@B5]) and Taiwan ([@B7]). This finding suggests that, similar to *mecA* transmission, SCC-mediated horizontal gene transfer is the major mechanism of *fusC* dissemination. This is distinct from the mechanism of dissemination of the other major acquired FA resistance gene, *fusB*, which is transferred primarily on plasmids, such as pUB101 and pUB102 ([@B25], [@B26]) and p11819-97, among CC80 S. aureus strains in Europe ([@B27]).

Of further interest was our finding that, in all previously identified *fusC*-containing SCC elements, both in this study and in other published sequences ([@B4][@B5][@B7]), *fusC* was always present within a conserved ∼1.3-kb region, which shared one upstream putative CDS ([Fig. 2](#F2){ref-type="fig"}). A BLASTX and Pfam search did not assign any functional roles for these putative proteins. However, given the consistent finding of this CDS in association with *fusC*, it is possible that this protein plays a role in the regulation or modulation of *fusC* transcription. Future work should attempt to elucidate the function of these proteins in relation to *fusC* expression.

Conclusions. {#sec3-5}
------------

In this study, we described the emergence and possible origins of fusidic acid-resistant AK3 ST5 MRSA, the most prevalent MRSA clone in NZ. On the basis of population-based comparative genomics, it is likely that this clone has emerged from locally circulating ST5 MSSA strains in New Zealand. The AK3 ST5 MRSA clone carries a chimeric SCC*mec*IV-SCC~476~ element harboring *fusC*, which appears to have been acquired once and maintained among members of this clone. The invariable presence of *fusC* within an SCC-type element indicates that SCC-mediated horizontal transfer is the primary mechanism for dissemination of *fusC*. The genotypic association of *fusC* with *mecA* has important implications for the emergence of MRSA in populations with high usage of fusidic acid, and the colocation of *fusC* with *tirS* may confer an additional fitness advantage. The finding of AK3 ST5 MRSA in the United Kingdom suggests intercontinental transmission, which should be of concern to other regions that use topical FA to treat superficial SSTI. This study has revealed the rapidity and process by which an S. aureus population evolved and expanded in response to a human therapeutic intervention, in this case the increased use of topical FA. In the face of these data and those of related studies, it is clear that all of our efforts to control bacterial infections with antibiotics, disinfectants, and even vaccines are being met by swift Darwinian responses. The use of genomics for the prospective surveillance of clinical bacterial populations will be a critical monitoring tool in an imminent postantibiotic era.
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======================

###### Supplemental material

Supplemental material for this article may be found at <http://dx.doi.org/10.1128/AAC.03020-15>.
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